The Agr quorum-sensing system of Staphylococcus aureus modulates the expression of virulence factors in response to autoinducing peptides (AIPs). The peptides are seven to nine residues in length and have the C-terminal five residues constrained in a thiolactone ring. We have developed a new method to generate AIP structures using an engineered DnaB mini-intein from Synechocystis sp. strain PCC6803. In the method, an oligonucleotide encoding the AIP is ligated to the intein and the fusion protein is expressed and purified by affinity chromatography. To produce the correct AIP structure, intein splicing is interrupted, allowing the cysteine side chain to catalyze thiolactone ring formation and release AIP from the resin. The technique is simple and robust, and we have successfully produced the three main classes of AIPs using the intein system. The intein-generated AIPs possessed the correct thiolactone ring modification based on biochemical analysis, and, importantly, all the samples were bioactive against S. aureus. The AIP activity was confirmed through Agr interference and activation profiling with developed S. aureus reporter strains. The simplicity of the method, benefits of DNA encoding, and scalable nature enable the production of S. aureus AIPs for many biological applications.
Staphylococcus aureus controls the expression of extracellular virulence factors through a quorum-sensing mechanism. This regulatory cascade, frequently referred to as the Agr (accessory gene regulator) system, responds to the extracellular presence of a secreted peptide signal (also called an autoinducing peptide or AIP). The AIP signals are seven to nine amino acids in length and have the C-terminal five residues constrained as a thiolactone ring through a cysteine side chain (Fig. 1) . The genes required for the quorum-sensing system are located in the agr locus, a chromosomal region that has been investigated in detail and is known to contain two divergent transcripts, called RNAII and RNAIII (18, 24) . The RNAII transcript encodes the majority of proteins necessary to generate and sense extracellular AIPs, while the RNAIII transcript is a regulatory RNA and the primary effector of the Agr system. Like other quorum-sensing molecules, AIPs are produced during growth and accumulate outside the cell until they reach a critical concentration, activating the Agr system. The regulatory cascade increases levels of the RNAII and RNAIII transcripts, leading to induction of virulence factor expression (24) .
An interesting feature of the Agr system is the variation among S. aureus strains (24) . There are four different classes of Agr systems each recognizing a unique AIP structure (referred to as Agr-I, Agr-II, Agr-III, and Agr-IV; similarly, their cognate signals are termed AIP-I through AIP-IV). Through a fascinating mechanism of chemical communication, these different AIP signals cross-inhibit the activity of the others with surprising potency, presumably giving a competitive advantage to the producing S. aureus strain. Indeed, Agr interference has been observed with in vivo competition experiments (7) , and the addition of an inhibitory AIP will block development of an acute infection (38) .
Among the four AIP classes, the five-residue thiolactone ring structure is always conserved, while the other ring and tail residues differ (Fig. 1) . Similarly, the proteins involved in signal biosynthesis and surface receptor binding also show variability (39, 42) . In Agr interference, there are three classes of crossinhibitory groups: AIP-I/IV, AIP-II, and AIP-III (Fig. 1) . Since AIP-I and AIP-IV differ by only one amino acid and function interchangeably (13) , they are grouped together. The three AIP groups all cross-inhibit each other with binding constants in the low nanomolar range (19, 20) . Interestingly, the typing of the four Agr systems roughly correlates with specific classes of diseases (13, 14) , although the significance of this observation is unclear.
Studies that have relied on extracellular addition of AIPs have required chemical synthesis of the signal (33, 38) . While the strategy has been effective, it is prohibitive for many laboratories, impeding research on the AIP molecules. The AIPs can be purified from culture supernatants (15) , but the yields are low and the procedures are labor-intensive, making this approach unattractive. In this report, we have devised a convenient, enzymatic approach to generating AIP molecules. The method employs an engineered DnaB mini-intein from Synechocystis sp. strain PCC6803. The properties of DnaB, including its small size, robust nature, and ease of expression, have made it the intein of choice for many protein engineering experiments (5, 6, 32, 35, 36, 40) .
We have altered the DnaB intein function to produce the peptide thiolactone structures present in S. aureus AIP molecules. The concept is based on previous studies that demonstrated that intein splicing can be paused after the first catalytic step (Fig. 2) , the conversion of a peptide bond to a thioester (often termed N-S acyl shift). By mutating the critical C-terminal asparagine residue of an intein, the splicing mechanism will stop following the N-S acyl shift (3). Additionally, without a nucleophilic (cysteine, serine, threonine) residue at the beginning of a C-terminal extein, intein-mediated splicing will be unable to occur. The ability to interrupt the intein mechanism has been utilized for various biotechnological applications, including protein purification and expressed-protein ligation (2, 
MATERIALS AND METHODS
Culture media and growth conditions. A list of strains and plasmids used and their genotypes is provided in Table 1 . Escherichia coli cultures were maintained in Luria-Bertani broth, and S. aureus strains were maintained in tryptic soy broth (TSB). E. coli antibiotic concentrations were as follows: ampicillin (Amp), 100 g/ml; chloramphenicol (Cam), 30 g/ml. S. aureus antibiotic concentrations were as follows: Cam, 10 g/ml; tetracycline, 10 g/ml. All reagents were purchased from Fisher Scientific (Pittsburg, PA) and Sigma (St. Louis, MO) unless otherwise indicated.
Recombinant DNA techniques. Restriction and modification enzymes were purchased from New England Biolabs (Beverly, MA) and were used according to the manufacturer's instructions. All DNA manipulations were performed using E. coli DH5␣-E (Invitrogen, Carlsbad, CA). All oligonucleotides were synthesized at Integrated DNA Technologies (Coralville, IA). Plasmids were transformed into E. coli by CaCl 2 heat shock as described previously (11) . Nonradioactive sequencing was performed at the DNA sequencing facility at the University of Iowa.
Construction of strains. The gshA gene was deleted from E. coli strain ER2566 using the Wanner method (4). Plasmid DNA was prepared from E. coli and transformed by electroporation into S. aureus RN4220 as described previously (29) . Plasmids were moved from RN4220 into other S. aureus strains by transduction with bacteriophage ␣80 as described previously (25) .
Construction of plasmid pDnaB8. The portion of the gene encoding the DnaB N-terminal fragment was PCR amplified from Synechocystis sp. strain PCC6803 genomic DNA (forward oligonucleotide, 5Ј-GTTGTTCATATGGAATTCACT AGTGGCTCTTCCTGCATCAGTGGAGATAGTTTG-3Ј; reverse oligonucleotide, 5Ј-CAATTGTAAAGAGGAGCTTTCTAG-3Ј) and cloned into pGEM5-T (Promega Corporation, Madison, WI) by following the manufacturer's instructions. Similarly, portion of the gene encoding the DnaB C-terminal fragment was PCR amplified (forward oligonucleotide, 5Ј-CTAGAAAGCTCCTCTTTACAATTGTC ACCAGAAATAGAAAAGTTGTCT-3Ј; reverse oligonucleotide, 5Ј-GTTGTTCT GCAGTTATCCGCGGCCGCCCGCATGGACAATGATGTCATTGG-3Ј) and cloned into pGEM5-T. The DnaB gene fragments were verified by DNA sequencing, PCR amplified from the pGEM5-T plasmid clones, and fused together with overlap extension PCR (34) . The fused PCR fragment was digested with NdeI and PstI enzymes and cloned into plasmid pTYB1 (New England Biolabs). The resulting plasmid was called pDnaB4 and was verified by restriction analysis and DNA sequencing. The chitin-binding domain (CBD) was PCR amplified from pARCBD-p (forward oligonucleotide, 5Ј-TTATTATGCGGCCGCGGTGGCCTGACCGGTC TGAAC-3Ј; reverse oligonucleotide, 5Ј-GTTGTTCTGCAGTTATTGAAGCTGC CACAAGGCAGG-3Ј) and cloned into pGEM5-T. The CBD was removed from pGEM5-T with PstI and NotI enzymes and cloned downstream of the DnaB miniintein on pDnaB4 using the same enzymes. The finished plasmid was called pDnaB8 and was verified by restriction analysis and DNA sequencing.
Construction of intein plasmids for producing intein-generated AIPs (iAIPs). For production of iAIP-I (to distinguish intein generated from the native S. aureus AIP-I, the intein samples are referred to as iAIP-I; similarly, inteingenerated AIP-II and AIP-III are referred to as iAIP-II and iAIP-III), oligonucleotides (coding, 5Ј-TATGTACAGCACCTGCGACTTCATCATG-3; noncoding, 5Ј-GCACATGATGAAGTCGCAGGTGCTGTACA-3) were hybridized and ligated into pDnaB8 digested with NdeI and SapI and the plasmid was verified and saved as pDnaB8-AIPI. A similar strategy was taken to construct the pDnaB8-AIPII (coding, 5Ј-TATGGGTGTTACCGCTTGCTCTTCTCTGTTC-3Ј; noncoding, 5Ј-GCAGAACAGAGAAGAGCAAGCGGTAACACCCA) and pDnaB8-AIPIII (coding, 5Ј-TATGATCAACTGCGACTTCCTGCTG-3Ј; noncoding, 5Ј-CGACAGCAGGAAGTCGCAGTTGATCA-3Ј) plasmids. For generating the cysteine mutant of DnaB, three-primer PCR (21) was performed on pDnaB8-AIPI with the following internal oligonucleotide to construct the on September 9, 2017 by guest http://aem.asm.org/ mutation: 5Јphosphorylated-GCGACTTCATCATGGCGATCAGTGGAGA TAG-3Ј. All plasmid constructs were verified by DNA sequencing. Preparation of iAIPs with DnaB intein. An overnight preculture of expression strain AH426, AH495, or AH496 was prepared and inoculated into 100 ml of Luria-Bertani broth with Amp. The culture was grown at 37°C with shaking until an optical density at 600 nm of 0.5 was reached, and IPTG (isopropyl-␤-Dthiogalactopyranoside) was added to a 0.5 mM final concentration. The culture was grown with shaking at 30°C for 3 h, and the cell pellets were stored at Ϫ70°C. Cell pellets were resuspended in 20 ml chitin binding buffer consisting of 100 mM phosphate buffer, pH 7.0, with 500 mM NaCl, 1 mM EDTA, 150 l protease inhibitor cocktail (Sigma; catalog number P8465), and 0.5 mM phenylmethylsulfonyl fluoride. The cell suspension was lysed through two passes in a French press, and insoluble material was removed by centrifugation at 19,000 rpm for 30 min at 4°C in a Beckman JA-20 rotor. The supernatant was removed, 4 ml equilibrated 50% chitin beads (New England Biolabs) was added, and the resin suspension was mixed gently at room temperature for 30 min. The chitin resin was removed by centrifugation at 500 ϫ g for 5 min. The supernatant was removed, and the resin was washed three times for 5 min with 25 volumes of chitin binding buffer. The resin suspension was poured into a 10-ml column and allowed to settle by gravity (ϳ2-ml final resin volume), and the resin was equilibrated with three column volumes of elution buffer [100 mM phosphate, pH 7, 50 mM NaCl, 1 mM EDTA, 1 mM tris(2-carboxyethyl)phosphine (TCEP)]. Gravity flow from the column was stopped, and the resin was left sealed at room temperature for ϳ15 h. Following incubation, fractions were eluted and assayed for activity or saved at Ϫ20°C.
Determining iAIP concentration. A Sep-Pak Plus cartridge (Waters, Milford, MA) was conditioned according to the manufacturer's instructions. To remove TCEP, an AIP sample from an intein purification was bound to the cartridge, washed with 20 ml of water with 0.1% trifluoroacetic acid (TFA), and eluted with 2 ml of 60% acetonitrile with 0.1% TFA. The concentration of the iAIP was determined using assays with 5,5Ј-dithio-bis-(2-nitrobenzoic acid) (DTNB), also called Ellman's reagent (Pierce, Rockford, IL). The thiolactone ring was opened with 1 M (final concentration) NaOH and neutralized with HCl, and DTNB assays were performed before and after base treatment. For the assays, a 1-ml reaction mixture was prepared with 100 mM Tris-HCl, pH 8, and 0.1 mM DTNB (prepared fresh) and different amounts of untreated and base-treated AIP were added. The reaction mixtures were incubated for 10 min at room temperature, and the absorbance was measure at 412 nm. The concentrations were determined with an extinction coefficient of 13,600 M Ϫ1 cm Ϫ1 , and the prebase reading was subtracted to get the final iAIP concentration.
AIP inhibition assays. For monitoring inhibition of the Agr system, an overnight culture of the appropriate reporter strain was inoculated into TSB with Cam and grown to an optical density at 600 nm of 0.05 (0.25 for AH431). In triplicate, 475 l of reporter culture was aliquoted into test tubes (13 by 100 mm), and 25 l of spent media or intein-generated AIP was added to each tube. As controls, separate tubes were prepared with the addition of either 25 l of TSB or chitin elution buffer. The tubes were shaken at 250 rpm and 37°C and assayed at the following times unless otherwise indicated: AH429, 12 h; AH430, 3 h; AH431, 4 h. Both cell density (optical density at 595 nm) and green fluorescent protein (GFP) fluorescence (excitation at 485 nm, emission at 535 nm) were measured in a Tecan GENios (Research Triangle Park, NC) microtiter plate reader by removing 100 l from each tube and assaying in a microtiter plate (3606 plates; Corning). Fluorescence is reported as an average of the three samples. Control AIP samples were prepared from the appropriate S. aureus producing strains. Each strain was grown in TSB until an optical density at 600 nm of ϳ2.0 to 2.5, the cells were pelleted, and the supernatant was filtered through a 0.2-m syringe filter. The filtered supernatants were stored at 4°C and used within 48 h.
AIP activation assays. Overnight cultures of S. aureus reporter strains were grown in TSB and subcultured 1:50 into TSB plus 0.2% glucose supplemented with AIP (final volume, 300 l; AIP concentration, 50 nM). Cultures were grown in test tubes (13 by 100 mm) at 37°C with shaking at 250 rpm. Cell density and fluorescence were monitored using a Tecan GENios microtiter plate reader at 4, 6, 8, and 10 h after inoculation. Optimal induction was observed at 6 h for reporter strains AH462 and AH430 and at 8 h for reporter strain AH431 (data not shown).
RESULTS
Construction of a DnaB mini-intein plasmid. The molecular design of the mini-intein plasmid was based on the gene deletion studies performed by Liu and colleagues (32, 40) , who determined that the 429-amino-acid DnaB intein in Synechocystis sp. strain PCC6803 could be reduced to a 154-amino-acid active protein. To construct the mini-intein, the gene fragments encoding the two domains of DnaB were PCR amplified from chromosomal DNA, fused together to create the miniintein, and ligated into an IPTG-inducible expression vector. Additionally, to inactivate splicing without affecting the N-S acyl shift (3), the C-terminal asparagine residue was mutated to an alanine. For cloning and protein purification, restriction sites were added to the 5Ј end of the intein and a CBD was fused to the 3Ј end. The resulting plasmid, called pDnaB8, allows cloning and expression of any peptide or protein with a C-terminal intein-CBD fusion (Fig. 3) .
Preliminary testing of the DnaB mini-intein plasmid. To gauge the activity of the intein, the Bacillus subtilis dihydrofolate reductase (DHFR) gene was cloned into pDnaB8. If the intein is active, the peptide bond at the DHFR-intein junction will be changed to a thioester, creating a labile bond that can be cleaved by nucleophiles and visualized on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. DHFR was chosen as an enzyme that is small (18 kDa), straightforward to express in E. coli, and amenable to C-terminal fusions (12) . The overexpression of the DHFR-intein-CBD fusion was performed in E. coli strain AH394, which has a deletion of the glutathione synthetase gene (gshA). Following overexpression, three distinct bands could be identified by SDS-PAGE analysis (Fig. 4A) , indicating that some intracellular cleavage occurs. One band corresponded to the DHFRintein-CBD fusion (43 kDa), the second band was the intein-CBD fusion alone (25 kDa), and the last band was native DHFR (18 kDa). Western blotting with chitin domain antibody confirmed the presence of CBD in the two larger protein bands (data not shown). The same experiments were performed with a gshA ϩ strain, which resulted in higher levels of intracellular cleavage (data not shown), indicating that blocking glutathione biosynthesis increased the pools of the unprocessed DHFR-intein-CBD fusion. Overall, these observations indicate that the DnaB mini-intein is active and can efficiently create thioester bonds in this molecular arrangement.
Generating and testing biological activity of iAIP-I. Two plasmids were constructed to test the DnaB production of iAIP-I. The first plasmid, pDnaB8-AIPI (Fig. 3) , has linear AIP-I fused to the DnaB mini-intein, with an additional methionine residue added for translation initiation (amino acid sequence MYSTCDFIM). The second plasmid, pDnaB8-AIPmut, is a control with the cysteine nucleophilic residue of DnaB mutated to an alanine. Without the cysteine residue, the DnaB mini-intein is unable to perform the N-S acyl shift.
The two intein fusions were overexpressed in E. coli and purified on chitin resin (Fig. 4B) . Both protein fusions looked equivalent by SDS-PAGE and Western analysis with chitin domain antibody (data not shown). The intein fusions were kept on resin in the presence of buffer with TCEP, a non-thiolreducing agent, added to maintain DnaB activity and keep the AIP cysteine reduced. Following incubation, the resin buffer was eluted and tested for biological activity. The bioassay is based on the observation that there are three inhibition classes among S. aureus Agr systems (Fig. 1) . S. aureus Agr-II reporter strain AH430 has a plasmid with the RNAIII transcript promoter driving GFP expression. Culture supernatants of an S.
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aureus Agr-I strain competitively inhibit the quorum-sensing response in a type II strain, creating a convenient and sensitive bioassay for AIP-I activity (17) . Gratifyingly, the pDnaB8-AIPI fractions inhibited the quorum-sensing response in strain AH430 in a dose-dependent manner, indicating the presence of iAIP-I in the sample. Through dilutions and bioassay tests, optimal iAIP-I activity was observed in the first eluted column volume (data not shown), and these fractions were subsequently used in structure verification and inhibition profiling.
The resin elutions prepared from the pDnaB8-AIPmut control plasmid did not inhibit GFP expression in AH430 (Fig. 5) , demonstrating that DnaB activity is essential for generating iAIP-I. In a typical purification, a 100-ml culture of E. coli overexpressing the intein fusion yielded ϳ400 nmol of iAIP-I. Confirming the AIP-I structure. To check the mass of iAIP-I, matrix-assisted laser desorption ionization (MALDI) analysis was performed and yielded a major peak at m/z 1,092.3. This peak matched the expected molecular mass of In the DnaB mutant control, no iAIP-I was detected by MALDI analysis. Two additional approaches were taken to confirm the thiolactone structure. These approaches are based on the principle that linear iAIP-I will not function as a quorum-sensing inhibitor (15) . As a control, synthetic linear AIP-I with an extra methionine residue was tested and did not inhibit the Agr response (data not shown). For the structure verification tests, iAIP-I was treated with sodium hydroxide base to open the thiolactone ring, neutralized with acid, and assayed for activity. In an additional test, iAIP-I was treated with hydroxylamine, which will react with thioesters to form a peptide hydroxymate, again opening the thiolactone ring. Both the base-and hydroxylamine-treated samples were tested for Agr-II inhibition, and neither sample inhibited the Agr response, while untreated iAIP-I did inhibit activity (Fig. 5 ). The slightly reduced GFP level with the base treatment was due to the higher salt concentrations in these samples (data not shown). Altogether, these experiments demonstrated that the correct iAIP-I modification is generated by the DnaB mini-intein system and that, most importantly, iAIP-I has biological activity.
Agr reporter strains. To test the iAIPs, reporter strains had to be developed for each of the Agr-I, Agr-II, and Agr-III systems. Since many of the available S. aureus isolates are uncharacterized, the agrD gene was sequenced in several strains to type the Agr system, and the quorum-sensing response was tested in each strain with plasmid pDB59 (plasmid with RNAIII promoter driving GFP expression). For Agr-I, strain FRI1169 gives a strong, reproducible Agr response with the pDB59 plasmid. The resulting strain, AH429, was used as the Agr-I reporter for testing AIP samples, and quorum-sensing in this strain was inhibited by supernatants from Agr-II and -III strains (Fig. 6) . Other Agr-I strains, such as SH1000, were 5 . Verification of the iAIP-I structure. Strain AH430 (Agr-II) served as the reporter for all the tests, and GFP readings were taken 12 h after sample addition. For testing, each sample was diluted 20-fold into the AH430 culture at the beginning of logarithmic phase. As controls, TSB and supernatant from SH1000 (AIP-I) were added to AH430. To test the DnaB intein method, iAIP-I was purified from strains AH426 (shown as iAIP-I) and AH425 (cysteine mutant; shown as Mut). As indicated, the samples were left untreated or, to check for the thiolactone ring, were treated with base or hydroxylamine.
VOL. 73, 2007 INTEIN PRODUCTION OF S. AUREUS AUTOINDUCING PEPTIDES 6041
suitable alternatives to FRI1169 in all conditions tested (data not shown). As described above, an Agr-II reporter, strain AH430, was already developed, and this reporter is inhibited by culture supernatants from Agr-I and Agr-III strains (Fig. 6 ). After several strains were screened for a suitable Agr-III reporter, it was found that S. aureus ATCC 25923 gave the strongest, most reproducible Agr response with the pDB59 plasmid. The resulting strain, AH431, was used as the Agr-III reporter for testing AIP samples, and quorum sensing was inhibited in AH431 by supernatants from Agr-I and -II strains. Inhibition profiling of iAIP-I. The biological activity of iAIP-I was tested against the developed Agr-I, Agr-II, and Agr-III reporter strains. With an Agr-I strain, the iAIP-I sample did not inhibit quorum sensing, as evidenced by the negligible change in GFP levels. However, quorum sensing in Agr-II and -III strains was inhibited with the iAIP-I sample (Fig. 6) , and the observed effects were consistent with multiple other iAIP-I purifications. Each reporter strain behaved as expected with control S. aureus culture supernatants. In these experiments, SA502A produced low levels of AIP-II, and testing of these supernatants resulted in weak inhibition of the Agr-I and Agr-III reporters.
Generating and testing iAIP-II and iAIP-III. Oligonucleotides encoding the AIP-II and AIP-III linear peptides were cloned into plasmid pDnaB8 with an additional methionine residue at the N terminus for translation initiation. By the intein method, iAIP-II and iAIP-III were generated, and initial tests with elution fractions indicated the presence of biologically active samples. Purifications of iAIP-II and iAIP-III had yields similar to those of the AIP-I preparations, approximately 300 to 400 nmol per 100 ml of E. coli culture. To check the structures of both iAIP samples, MALDI analysis was Samples of iAIP-II and iAIP-III were tested against all three Agr reporter strains. As anticipated, iAIP-II inhibited quorum sensing in the Agr-I and Agr-III reporter strains but not the Agr-II strain. In a parallel test, iAIP-III inhibited the Agr-I and Agr-II reporter strains but not the Agr-III reporter strain (Fig.  6 ). All control culture supernatants behaved as expected in both sets of experiments. Additional purifications of iAIP-II and iAIP-III fractions yielded similar results, demonstrating that both peptide signals displayed the correct inhibition profile.
Agr activation with iAIP-I, iAIP-II, and iAIP-III. While all the iAIP samples have the expected Agr inhibition profiles, it is important to test Agr activation, a more stringent indication of the correct AIP structure (18) . When S. aureus is grown in TSB, RNAIII transcription is high, as observed with our GFP reporter strains (Fig. 6) . When the cognate AIP from culture supernatant or an intein purification is added to a reporter strain, there is little change in the RNAIII response, presumably because the RNAIII response is already near maximum levels.
In published reports, the addition of AIP samples results in a significant increase in the RNAIII levels (15) . We reasoned that the S. aureus medium conditions limit the Agr response, allowing detection of AIP activation. Glucose is a common medium component, and growth on glucose is known to repress RNAIII transcription (28) . When our reporter strains were grown in TSB with 0.2% glucose, we observed an approximately 70% drop in GFP expression (data not shown). The addition of AIP to the glucose-treated strains restores the maximal levels of RNAIII, creating a simple test for AIP activation.
Using the activation assay, we tested the iAIP-I, iAIP-II, and iAIP-III samples with the S. aureus reporter strains. A method was developed to determine iAIP concentrations using Ellman's reagent (see Materials and Methods), and the iAIPs were added to each reporter at a 50 nM final concentration. Gratifyingly, each iAIP sample activated only its cognate reporter strain (Fig. 7) , and the activation levels for iAIP-I, iAIP-II, and iAIP-III over the TSB control were 3.0-, 3.8-, and 2.8-fold, respectively. Overall, these results demonstrate that the iAIPs are functional quorum-sensing signals.
DISCUSSION
In this report, we present a new intein-based method for generating the S. aureus AIP signals. The method is simple, robust, and cost-effective, presenting an attractive alternative to synthetically based approaches. We demonstrate that AIP-I, AIP-II, and AIP-III can be generated with the intein system and that each of these iAIPs displayed the expected biological activity against S. aureus reporter strains.
The method in this report uses the Synechocystis DnaB miniintein, and it is likely that other engineered inteins, such as the Saccharomyces cerevisiae Vma intein and the Mycobacterium tuberculosis RecA intein, could perform a similar function. The properties of the DnaB mini-intein, such as its small size and high level of expression in E. coli, made it an attractive choice for these experiments. As evidenced with the DHFR studies, DnaB is active in the E. coli cytoplasm, which may lead to lower yields of purified iAIPs. In an effort to minimize in vivo cleavage, E. coli strains with a more oxidizing cytoplasm were tested, such as the Origami (Novagen) series of strains and a glutathione synthetase (gshA) mutant. Due to poor expression of the DnaB intein in the Origami strains, these strains were not used further (data not shown). Only the gshA mutant helped reduce the level of in vivo cleavage, presumably due to lower levels of intracellular free thiols. Thus, some linear AIP may be lost from the intein fusion in the E. coli cells prior to resin purification. With the scalable nature of the method, it should be possible to generate sufficient concentrations of iAIPs for most experimental designs.
With protein expression in E. coli, the initiator methionine is not always removed by aminopeptidase (9) , which may introduce some variability at the N terminus of the AIP-intein fusion proteins. Removal of the initiator methionine is dependent on the structure of the second amino acid, the penultimate residue, as aromatic and charged residues block N-terminal processing (9) . In the intein-generated iAIP-I, tyrosine is the penultimate residue and completely blocks aminopeptidase activity in this position; not surprisingly, only a structure with the extra methionine is detectable by MALDI. Considering that experiments with chemically synthesized AIP-I indicated that N-terminal additions had little effect on biological activity (19) , it is not surprising that iAIP-I was an effective activator of the Agr-I reporter. In the case of iAIP-II, the N-terminal methionine is completely removed, as expected with an adjacent glycine residue. However, the methionine was not removed from iAIP-III, presumably due to poor processing with the isoleucine in the penultimate position. Even with the Nterminal addition, iAIP-III induced the Agr-III reporter 2.8-fold (Fig. 7) , which was similar to the Agr activation with other iAIPs. This result contrasted with a report that synthetic AIP-III with an N-terminal alanine extension could not activate an Agr reporter (19) . The deleterious effects of additional residues have also been observed with AIP pheromones in Staphylococcus epidermidis (26) . On the basis of the approaches reported herein, the additional N-terminal methionine on iAIP-III does not appear to limit Agr-III activation, but further studies would be necessary to confirm this result.
Assays for AIP activation have been used since the pioneering studies on the elucidation of the AIP structure (15) . Many laboratories grow S. aureus in a medium called CYGP, which contains 0.5% glucose (25) . It is known that growth of S. aureus in the presence of glucose lowers the pH, and the acidity reduces the levels of RNAIII expression (28) . In tests with CYGP, the activation assay was similar to our experiments with TSB containing 0.2% glucose, suggesting that our observations are comparable to those previously reported (data not shown). While the assay allowed convenient monitoring of AIP, the mechanism for Agr activation is not clear. In our experimental analysis, the low pH appeared to attenuate the Agr system, presumably decreasing AIP production, allowing the Agr response to "jump-start" in the presence of externally provided AIP. A strong activation occurred only early in the growth phase (data not shown), supporting this proposal. However, further experimental analysis is necessary to confirm the glucose effects on the Agr system.
While proof-of-principle experiments were performed with the S. aureus AIP signals, the intein-based approach to generating peptide thiolactones may have broader implications. There are many AIP-like signaling molecules produced by other Staphylococcus spp. (24) , and the DNA encoding features of the intein system would allow straightforward production of these structures. Moreover, by simply swapping a serine side chain for the cysteine, it may be possible to generate peptide lactone structures for various studies. There are numerous peptide lactones that function as bacterial signaling molecules, such as the GBAP signal of Enterococcus faecalis and the AIP signal of Staphylococcus intermedius (16, 23) . The DNA-encoding benefits of inteins should also allow library generation, a strategy that has been exploited to make genetically encoded libraries of cyclic peptides (30, 31) . These libraries could enable screening for novel bioactive peptide structures.
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